Assembly of the dynamin GTPase Drp1 into constriction-competent oligomers is a key event in 24 mitochondrial division. Here, Ji et al show that Drp1 oligomerization can occur on endoplasmic 25 reticulum through an ER-bound population of the tail-anchored protein Mff.
Introduction
possibilities: 1) there are parallel pathways for Drp1 recruitment, each mediated by one of 78 these receptors; or 2) these receptors act in a common pathway. 79 80 Protein receptors for Drp1 are necessary because, unlike other dynamin family members, Drp1 81 does not contain a specific lipid-binding domain. Four single-pass OMM proteins have been 82 identified as Drp1 receptors in mammals: Mff, Fis1, MiD49 and MiD51 (Richter et al., 2015) . 83
Mff and Fis1 are tail-anchored proteins that are also found on peroxisomes, another organelle 84 that undergoes Drp1-dependent division (Koch and Brocard, 2012; Schrader et al., 2016) . In 85 contrast, MiD49 and MiD51 contain N-terminal transmembrane domains and appear to be 86 restricted to mitochondria (Palmer et al., 2013) . Our database searches suggest that MiD49 and 87
MiD51 are only present in vertebrates, whereas Mff is found in higher metazoans (coelomates, 88 including arthropods and mollusks but not C. elegans) and Fis1 is expressed in all eukaryotes 89 examined. Mff has consistently been found to be a key Drp1 receptor in mammals, while MiD49 90 and MiD51 are important in specific situations (Loson et In this study, we examine Drp1 distribution among organelles in mammalian cells. 96 Surprisingly, we find that Drp1 oligomers exist on ER, independent of mitochondrial or 97 peroxisomal association. Populations of both Mff and Fis1 also exist on ER as punctate 98 accumulations. Mff suppression or actin polymerization inhibition eliminates all detectable 99 Drp1 oligomers, including the ER-bound population. We observe Drp1 accumulation at ER-100 bound Mff punctae, suggesting oligomeric assembly at these sites. Drp1 oligomers can transfer 101 from ER to mitochondria or peroxisomes. Our results suggest a pathway for Drp1 102 oligomerization on mitochondria involving initial assembly on ER, which is dependent upon 103 both Mff and actin. associated Drp1 punctae (63%) as the stably transfected GFP-Drp1 cell line ( Fig. 1 A, B) . 114 115 We examined the non-mitochondrially associated Drp1 punctae in more detail, postulating that 116 they would be peroxisome-bound. Surprisingly, while some of these punctae are peroxisome-117 associated, an equal percentage (14.8%) is not associated with either mitochondria or 118 peroxisomes, which we defined as "independent" Drp1 punctae ( Fig. 1 A, B) . The remaining 119 punctae (7%) localize to areas of close association between mitochondria and peroxisomes. 120 121 We postulated that the independent population might be bound to ER. Indeed, 4-color live-cell 122 imaging shows that a population of Drp1 punctae appears associated with ER, distinct from 123 mitochondrial or peroxisomal populations ( Fig. 1 C, Video 1 ). Independent Drp1 puncta can 124 arise de novo from ER, maturing within 30 sec (Fig 1 D) . 125 126 We quantified ER association of independent Drp1 punctae from time-lapse confocal videos, 127 assessing stably associating punctae as those that do not separate from ER during the 2.5 min 128 imaging time (1.6 sec frame rate). While ER occupies a significant portion of the imaging area 129 in these cells (40.9 ± 5.9%, 22 ROIs, 2063 individual frames analyzed), there is a significantly 130 higher percentage of independent Drp1 puncta in continual association with ER than would be 131 expected by chance (76.7%±11.7%, Fig. 1E ). Other independent Drp1 punctae are associated 132 with ER for a portion of the imaging period (8.9%±9.5%), with most only separating for one 133 frame. A third population of independent Drp1 punctae displays no apparent association with 134 ER (14.4%±8.0%). Cos7 cells transiently transfected with GFP-Drp1 also display ER-associated Drp1 punctae, independent of either mitochondria or peroxisomes ( Fig. S1D, E) . In contrast, 136 independent Drp1 puntae do not display appreciable association with endosomes, as judged by 137 transferrin, Rab4b, and Rab7a markers ( Fig. S2) . 138 139 One possible explanation for independent Drp1 punctae is that they are actually bound to 140 mitochondrially-derived vesicles that bud from the OMM (Soubannier et al., 2012) . We tested 141 this possibility by imaging GFP-Drp1 and the OMM protein Tom20 in live cells. No overlapping 142 Tom20-only signal is detectable at any time point in videos (4-min, 2 sec intervals) for 15 out of 143 16 independent Drp1 punctae analyzed (Fig. S3 ). These results suggest that the majority of 144 independent Drp1 punctae are not bound to mitochondrially-derived vesicles. 145 146 Another explanation for the existence of independent Drp1 punctae could be that they 147 represent unfolded protein aggregates. Indeed, studies in yeast and mammals show that 148 protein aggregates can accumulate on ER, followed by transfer to mitochondria for degradation 149 in the mitochondrial matrix (Ruan et al., 2017; Zhou et al., 2014) . While GFP-Drp1 is not over-150 expressed in our CRISPR-engineered cell line ( Fig. S1 A-C), the GFP tag or other features of this 151 fusion protein could result in unfolding/aggregation. To test this possibility, we examined the 152 distribution of endogenous Drp1 punctae in relation to mitochondria, peroxisomes and ER by 153 immunofluorescence microscopy. Similar to GFP-Drp1, a sub-set of endogenous Drp1 punctae 154 is independent of mitochondria or peroxisomes, and 85.5%±9.7% of these independent 155 punctae display apparent ER association ( Fig. S4A, B ). To confirm specificity of Drp1 156 immunofluorescence, siRNA suppression significantly reduces staining of all Drp1 populations 157 ( Fig. S4 A) . 158 159 We examined further the effect of the GFP tag by over-expressing oligomerization-deficient 160 mutants of Drp1 that remain monomeric or dimeric at all concentrations tested biochemically 161 (Frohlich et al., 2013; Hatch et al., 2016) . Despite being expressed at significantly higher levels 162 than WT Drp1 in our GFP-Drp1-KI cells, these Drp1 mutants display no apparent punctae ( Fig.  163 S4 C). If the GFP tag or over-expression were causing GFP-Drp1 unfolding and aggregation, the 164 mutants might be expected to display similar properties. We conclude that a mechanism exists 165 for Drp1 oligomer assembly on ER. 166 7 167
Transfer of Drp1 from ER to mitochondria 168
A range of dynamics exists for independent Drp1 punctae, with some puncta displaying little 169 motility over a 5-min period (Fig. 1C , Video 1) while others display periods of rapid directional 170 movement ( Fig. 2A , Video 2). Independent Drp1 punctae can transfer to mitochondria ( Fig. 2A,  171 Video 2), and are ER-associated before transfer ( Figure 2B , Video 3). We previously reported 172 that most Drp1 oligomerization on mitochondria is non-productive for mitochondrial division, 173 with only 3% of mitochondrially-associated Drp1 punctae resulting in division within a time 174 scale of 10-min (Ji 2015) . Similarly, while independent Drp1 punctae can transfer to 175 mitochondria, division rarely occurs after these events. To increase division rate, we treated We postulated that receptors on the ER membrane recruit Drp1 and enhance its 184 oligomerization.
Likely candidates for these receptors include proteins involved in 185 mitochondrial Mitochondrial division is almost completely eliminated in both unstimulated and ionomycin-196 stimulated cells ( Fig. 3C ). There is also a dramatic reduction in Drp1 punctae ( Fig. 3D ). Mff contamination causes apparent Mff presence in the ER fraction, we used PEX3-deficient human 229 fibroblasts, which lack mature peroxisomes (Sugiura et al., 2017) . Similar to U2OS 230 fractionation, PEX3-deficient cells contain an Mff population that fractionates with ER, and is 231 devoid of mitochondrial and peroxisomal markers ( Fig. 4F) . 232
233
We also asked whether a sub-population of Fis1 is present on ER. Similar to Mff, Fis1 is a tail-234 anchored protein, previously reported on both mitochondria and peroxisomes (Kobayashi et 235 al., 2007; Koch et al., 2005; Stojanovski et al., 2004; Yoon et al., 2003) . By immunofluorescence 236 analysis of endogenous protein, we observe three Fis1 populations: mitochondrial, 237 peroxisomal and independent ( Fig. 5A ), with 79.9 ± 11.3% of the independent punctae 238 displaying ER association ( Fig. 5B ). Fis1 depletion by siRNA strongly reduces all three of these 239 Fis1 populations ( Fig. 5A ). Exogenously expressed GFP-Fis1 displays a similar population of 240 punctae that are independent of the mitochondrial or peroxisomal Fis1 pools ( Fig. 5C ). Most of 241 these independent Fis1 punctae are continually ER-associated throughout the imaging period 242 (78.8% ± 26.9%, Fig. 5D ). 243
244
In contrast to Mff and Fis1, MiD49 and MiD51 contain N-terminal transmembrane domains. We 245 examined the localization of MiD51-GFP expressed at low levels. Similar to past studies (Otera 246 et al., 2016) , MiD51 is in punctate accumulations on mitochondria, with no evidence for a 247 peroxisomal population. There is also no evidence for a population of independent MiD51 (Fig. 248 S6C). We conclude that both Mff and Fis1 display populations that associate with ER 249 independently of mitochondria or peroxisomes, while MiD51 is confined to mitochondria. 250 251
Dynamic interactions between Drp1 and Mff on ER 252
GFP-Mff punctae are dynamic on the ER, frequently moving and fluctuating in intensity ( Fig. 4C , 253 Video 6). We examined Mff punctae morphology and dynamics in more detail using Airyscan 254 microscopy. As observed in the confocal images, Mff is generally distributed evenly on the 255 surface of mitochondria and peroxisomes at low expression level, but has some regions of 256 enrichment on both organelles ( Fig. 6A, Video 7) . This enrichment is particularly noticeable on 257 peroxisomes, with one or two highly concentrated regions (Fig. 6B ). The size of ER-bound Mff 258 punctae (220 ± 56 nm, n = 19) is close to the resolution limit of Airyscan and smaller than the 
ER-localized Mff enhances mitochondrial division rate 275
To test the functional significance of ER-targeted Mff, we designed a rapamycin-inducible 276 system in which Mff lacking its transmembrane domain could be targeted to either 277 mitochondria or ER, using the targeting sequences of AKAP1 and Sac1, respectively ( Fig. 8A , 278 (Csordas et al., 2010) ). A similar approach has been used to target Mff to lysosomes (Liu and 279 Chan, 2015) . Rapamycin treatment results in rapid Mff translocation from cytosol to 280 mitochondria in Mff-KO U2OS cells ( Fig. 8B ). Rapamycin-induced translocation to ER is also 281 rapid, but with some Mff still present in cytoplasm ( Fig. 8C ). We used this system to test the 282 effect of targeting Mff to specific locations (mitochondria alone, ER alone, or to both 283 mitochondria and ER) on mitochondrial division rate in Mff-KO cells. While either 284 mitochondrial or ER targeting causes partial rescue, targeting Mff to both organelles brings the 285 mitochondrial division rate back to the level of control cells (Fig. 8D ). The enhanced effect of 286 expressing both mitochondrial and ER targeting signals is not due to increased expression of 287 Mff or of Drp1 (Fig. 8E ). These results suggest that ER targeting of Mff has a stimulatory effect 288 on mitochondrial division. 289 290 291 292
ER-associated Drp1 oligomers are dependent on INF2-mediated actin polymerization 293
In a previous study (Ji et al., 2015) , we found that ionomycin enhances Drp1 maturation on 294 mitochondria. To test whether ionomycin can trigger ER-associated Drp1 maturation as well, 295
we tracked independent Drp1 punctae upon ionomycin treatment. Ionomycin significantly 296 increases both the number ( Fig. 9 , Video 9) and size ( Fig. 10A, B ) of independent Drp1 punctae. 297
298
Our previous studies also showed that mitochondrially-bound Drp1 oligomers are significantly 299 decreased by actin polymerization inhibitors (Korobova et al., 2013) and that actin 300 polymerization inhibitors block the ionomycin-induced increase in Drp1 oligomerization (Ji et 301 al., 2015) . We tested the effect of Latrunculin A (LatA), an actin polymerization inhibitor, on 302 ER-bound Drp1 oligomers. Pre-treatment for 10 min with LatA causes a significant reduction in 303 all Drp1 punctae prior to ionomycin treatment, and a near-complete block of independent Drp1 304 punctae maturation upon ionomycin treatment ( Fig. 9 , Video 10). 305 306 We have shown that the formin INF2 is required for actin polymerization leading to efficient 307 mitochondrial division (Korobova et al., 2013) as well as mitochondrial accumulation of 308 oligomeric Drp1 (Ji et al., 2015) . The isoform of INF2 responsible for these effects is tightly 309 bound to ER (Chhabra et al., 2009 ), suggesting that it could also play a role in ER-bound Drp1 310 oligomerization. We therefore tested whether INF2 played a role in independent Drp1 punctae 311 accumulation. Suppression of INF2 by siRNA causes a 6.8-fold decrease in independent Drp1 312 punctae ( Fig. 10C, D) . These results indicate that INF2-mediated actin polymerization is 313 necessary for ER-associated Drp1 oligomerization. 314
Discussion: 316
A major finding in this work is the identification of dynamic sub-populations of Drp1, Mff and 317 Fis1 on ER, distinct from the mitochondrial and peroxisomal populations of these proteins. An 318 earlier study suggested that Drp1 could localize to ER (Yoon et al., 1998) , but this study did not 319 include mitochondrial or peroxisomal markers so specific localization to ER is unclear. There 320 has been no previous identification of ER-bound sub-populations of any wild-type Drp1 321 receptor. We carefully examined previous publications for evidence of such localization for Mff 322 The presence of Mff and Fis1 on all three membranes does not clarify their delivery 345 mechanisms, but their wider distribution suggest mechanisms that would lead to both ER and mitochondrial insertion. Interestingly, one study (Stojanovski et al., 2004) showed that 347 mutagenesis of two C-terminal lysines in mammalian Fis1 caused a shift in its localization from 348 mitochondria to ER, which might suggest mitochondrial localization signals in the C-terminus 349 similar to findings for other proteins (Horie et al., 2002) . It is also interesting that Mff is 350 undetectable in the peroxisomes present in the "light" membrane fraction of U2OS cells ( Mff and Fis1 observed here are not protein aggregates. First, in all three cases we observe 367 these punctae using immunofluorescence for endogenous proteins, arguing against over-368 expression artifact. Second, GFP-fusions of non-oligomerizable Drp1 mutants do not display 369 ER-bound punctae, even when expressed at significantly higher levels than wild-type GFP-370 Drp1. Third, ER-bound Drp1 punctae are virtually absent in the following conditions: Mff 371 knock-out, actin polymerization inhibition, and suppression of the actin polymerization factor 372 INF2. All of these conditions inhibit mitochondrial division but are not known to be related to 373 aggregated protein responses. LatA treatment reduces the number of independent Drp1 374 punctae within 10 min, demonstrating the dynamic nature of this population. 375
Another possibility is that independent Drp1 or Mff punctae represent mitochondrially-derived 377 vesicles (MDVs) containing OMM but not IMM. Our imaging of Drp1 and the OMM protein 378 Tom20 suggest that this is not the case, as we observe no consistent co-localization. Even so, 379
MDVs can have heterogeneous composition (Soubannier et al., 2012) , which leaves the 380 possibility open that the independent punctae are bound to a specific MDV sub-type. Since the 381 majority of independent Drp1, Mff and Fis1 punctae track tightly with ER in live-cell imaging, 382 any MDV would likely be associated with ER in this case. 383
384
One possible functional role of ER-assembled Drp1 is in mitochondrial division. In support of 385 this function, 1) we observe transfer of Drp1 punctae from ER to mitochondria; 2) we observe 386 mitochondrial division following ER-to-mitochondrial Drp1 transfer; and 3) in Mff-KO cells, 387 targeting Mff to both ER and mitochondria is more efficient in rescuing mitochondrial division 388 than is targeting to either ER or mitochondria alone. There are uncertainties in this correlation. 389
Limitations of confocal microscopy in both spatial and temporal resolution make it difficult to 390 be certain of direct ER-to-mitochondrial Drp1 transfer. In addition, there is a significant 391 amount of ER-to-mitochondrial Drp1 transfer that does not result in mitochondrial division. To 392 observe mitochondrial division following ER-to-mitochondrial Drp1 transfer, we stimulate 393 division frequency with the calcium ionophore ionomycin. However, mitochondrial division in 394 general occurs at low frequency, and the vast majority of mitochondrially-bound Drp1 punctae 395 in general are non-productive for mitochondrial division (Ji et al., 2015) , suggesting that Drp1 396 oligomerization is in dynamic equilibrium independent of mitochondrial division. Oligonucleotides for human Mff siRNA were synthesized by Qiagen against target sequence 5'-507
ACCGATTTCTGCACCGGAGTA-3'. Oligonucleotides for MiD51 were synthesized by Qiagen 508 against sequence 5'-CAGTATGAGCGTGACAAACAT -3' (siRNA#1), and 5'-509
CCTGGTCTTTCTCAACGGCAA -3' (siRNA#2). Oligonucleotides for MiD49 were synthesized by 510
Qiagen against sequence 5'-TTGGGCTATGGTGGCCATAAA-3' (siRNA#1), and 5'-511
CTGCTGAGAGAAGGTGACTTA-3' (siRNA#2). Oligonucleotides for Fis1 were synthesized by IDT 512 against target sequence 5'-GUACAAUGAUGACAUCCUAAAGGC-3' (siRNA#1), and 5'-513
ACAAUGAUGACAUCCGUAAAGGCAT-3' (siRNA#2). Oligonucleotides for human total INF2 siRNA 514
were synthesized by IDT Oligo against target sequence 5'-GGAUCAACCUGGAGAUCAUCCGC-3' . 515
Oligonucleotides for human Drp1siRNA were synthesized by IDT Oligo against target sequence 516 5'-GCCAGCUAGAUAUUAACAACAAGAA-3'. As a control, Silencer Negative Control 5'-517
CGUUAAUCGCGUAUAAUACGCGUAT-3' (Ambion) was used. 518 519 Antibodies 520
Anti-Mff (ProteinTech, 17090-1-AP) was used at 1:1000 dilution for western (WB) and 1:500 521 dilution for immunofluorescence (IF). Anti-Fis1 (ProteinTech, 10956-1-AP) was used at 1:1000 522
for WB and 1:500 for IF. Anti-Tubulin (DM1-α, Sigma/Aldrich) was used at 1:10,000 dilution for 523 WB. Drp1 was detected using a rabbit monoclonal antibody (D6C7, Cell Signaling Technologies) 524
at 1:500 dilution for IF. Anti-INF2 rabbit polyclonal was described previously ( were imaged in a single focal plane for three min at 1.5-2 sec intervals. Regions of cells where 591 tubular ER could be readily resolved and appeared continuous in a single plane of view were 592
analyzed. Independent Drp1, MFF, or Fis1 punctae were counted as always associated if they 593 remained in contact with the ER during every frame of the video, sometimes ER associated if 594 the independent punctae contacted the ER at least half of total frames where punctae are 595 visible, and not ER associated if no ER contact was visible. 596
Drp1 punctae quantification 597
Drp1 KI cells transiently transfected with mitochondrial markers were imaged live by spinning 598 disc confocal fluorescence microscopy for 10 min at 3 sec intervals in a single focal plane. 599
Regions of interest with readily resolvable mitochondria and Drp1 were processed as described 600
previously (Ji et al., 2015) . We thresholded mitochondrially associated Drp1 punctae by using 601
the Colocalization ImageJ plugin with the following parameters: Ratio 50%(0-100%); 602
Threshold channel 1: 30 (0-255); Threshold channel 2: 30 (0-255); Display value: 255 (0-255). 603
Mitochondrially associated Drp1 punctae were further analyzed by Trackmate as described 604
previously (Ji et al., 2015) . The number of Drp1 punctae were automatically counted frame-by-605 frame using the Find Stack Maxima ImageJ macro. The density of independent Drp1 punctae 606 was quantified by visual assessment of each Drp1 puncta in an ROI for association with the 607 mitochondria or peroxisome marker. Those punctae associated with neither mitochondria or 608 peroxisomes were classified as independent. The result is expressed as number of independent 609
Drp1 punctae per area of the ROI in square microns. 610 611
Mitochondrial division rate 612
Described in detail in (Ji et al., 2015) . Suitable ROI's were selected for analysis based on 613 whether individual mitochondria were resolvable and did not leave the focal plane. Files of 614 these ROIs were assembled, then coded and scrambled by one investigator, and analyzed for 615 division by a second investigator in a blinded manner as to the treatment condition. The 616 second investigator scanned the ROIs frame-by-frame manually for division events, and 617 determined total mitochondrial length within the ROI using the ImageJ macro, Mitochondrial 618
Morphology. The results were then given back to the first investigator for de-coding. Division 619 rate was analyzed over a 10-min period after DMSO, ionomycin (4 µM) or rapamycin (10 µM) 620 treadment, depending on the experiment. 621 622
Cell Fractionation 623
Modification of method in (Clayton and Shadel, 2014) . All protease inhibitors from EMD 624
Chemicals. For U20S, cells (12 x 75 cm 2 flasks grown to approximately 70% confluence) were 625 harvested by trypsinization and washed 3x with PBS. Post-trypsinization, all steps conducted 626 at 4˚C or on ice. The cell pellet (approximately 0.2 mL) was resuspended in 5.4 mL hypotonic 627 buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 1.5 mM MgCl2, protease inhibitors (2 µg/mL 628 leupeptin, 10 µg/mL aprotinin, 2 µg/mL pepstatin A, 5 µg/mL calpain inhibitor 1, 5 µg/mL 629 calpeptin, 1 mM benzamidine, 0.05 µg/mL cathepsin B inhibitor II), incubated for 10 min and 630 lysed by dounce (Wheaton Dura-Grind), followed by addition of 3.6 mL 2.5x isotonic buffer 631
(525 mM mannitol, 175 mM sucrose, 12.5 mM Tris-HCl pH 7.5, 2.5 mM EDTA, protease 632 inhibitors). The lysate was centrifuged at 1300xg for 5 min (low-speed centrifugation). The 633 low-speed supernatant was centrifuged at 13,000xg for 15 min (medium-speed centrifugation). 634
The medium-speed supernatant was centrifuged at 208,000xg for 1 hr (high-speed 635 centrifugation). For PEX3-deficient fibroblasts, conditions were similar except that four 636 centrifugation speeds were used, following (Sugiura et al., 2017) : 800xg for 10 min (nuclei and 637 un-lysed cells, discarded), 2300xg (low-speed centrifugation), 23,000xg (medium-speed 638 centrifugation), and 208,000xg for 1 hr (high-speed centrifugation). All pellets were washed 639 with 1x isotonic buffer then resuspended in SDS-PAGE buffer. For sucrose gradient 640 fractionation, the medium-speed supernatant (3.4 mL) was layered onto a discontinuous 641 gradient containing equal volumes (1.9 mL) of 0.5, 0.75, 1, and The authors declare no competing financial interests. 668 Fis1 punctae with ER, 11.9 ±18.2% partially associated, 9.2 ± 14.8% not associated. 2μm. (Fig 9 B) 
